Climate modeling and prediction require that the parameterization of the radiative effects of ice clouds be as accurate as possible. The radiative properties of ice clouds are highly sensitive to the single-scattering properties of ice particles and ice cloud microphysical properties such as particle habits and size distributions. In this study, parameterizations for shortwave (SW) and longwave (LW) radiative properties of ice clouds are developed for three existing schemes using ice cloud microphysical properties obtained from five field campaigns and broadband-averaged single-scattering properties of nonspherical ice particles as functions of the effective particle size D e (defined as 1.5 times the ratio of total volume to total projected area), which include hexagonal solid columns and hollow columns, hexagonal plates, six-branch bullet rosettes, aggregates, and droxtals.
Introduction
Ice clouds cover about 20%-30% of the earth (e.g., Liou 1986; Rossow and Schiffer 1999; Lynch et al. 2002; Wylie et al. 2005; Hong et al. 2007b ). Through their effects on the earth's radiation budget at the top of the atmosphere (TOA), within the atmosphere, and at the surface, ice clouds play an important role in the climate system (e.g., Starr and Cox 1985; Liou 1986 ). However, because these clouds are usually optically thin and their high altitudes pose significant difficulties for in situ measurements, particularly near convective clouds, uncertainties remain in the description of their global coverage and macrophysical, microphysical, and optical properties (e.g., Liou 1986; Starr 1987; Stephens et al. 1990 ; Minnis et al. 1993; Mishchenko et al. 1996; Toon and Miake-Lye 1998; Liu and Curry 1999; Baum et al. 2000a,b; Dessler and Yang 2003; Hatzianastassiou et al. 2004; Kokhanovsky and Nauss 2006) . The uncertainties can be potentially mitigated by the satellite series included in A-train , particularly Cloudsat and Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO), providing the vertical profiles of ice cloud properties. To better characterize the radiative effects of ice clouds in general circulation models (GCMs), parameterizations of ice cloud radiative properties need to incorporate the latest advances in both the derivation of the single-scattering properties and in situ microphysical measurements.
The development of a reliable parameterization of ice cloud radiative properties requires the fundamental scattering and absorption properties of ice particles across the spectrum from visible wavelengths through the infrared (IR). In situ measurements from various field campaigns and laboratory experiments indicate that ice particles are composed of a variety of nonspherical habits (e.g., Heymsfield and Miloshevich 2003; Bailey and Hallett 2004) . The complex habits of ice crystals pose a challenge in scattering computation, because there is no exact analytical solution for the scattering and absorption by nonspherical ice particles (Liou and Takano 1994; Fu et al. 1998, hereafter FU) . Takano and Liou (1989) investigated the singlescattering properties of ice clouds composed of hexagonal columns using the geometric optics method (GOM), or the ray-tracing technique, for five solar bands. In their study, an empirical polynomial equation was used to fit the single-scattering albedo as a function of the aspect ratio of hexagonal columns and absorption coefficient. The anomalous diffraction theory (ADT) was used by Stephens et al. (1990) to develop a parameterization of solar radiative properties. The work of Takano and Liou (1989) was extended by Ebert and Curry (1992, hereafter EB) , who developed a parameterization of the ice cloud optical properties using the single-scattering properties of hexagonal columns for five solar and five infrared bands as functions of effective particle size and ice water path. Fu and Liou (1993) also developed a parameterization based on hexagonal columns, but for 6 solar bands and 12 IR bands. For their parameterization, the microphysical properties were based on the mean effective particle sizes and ice water contents (IWCs) of 11 observed ice particle size distributions (PSDs). A more accurate parameterization of the solar radiative properties of ice clouds was developed by Fu (1996) based on an improved GOM (IGOM; Yang and Liou 1996a) for solid hexagonal columns in the solar spectrum. This parameterization used a larger set of 28 ice particle size distributions obtained from in situ aircraft measurements from both tropical and midlatitude regions and a generalized effective particle size. FU improved the parameterization for the IR radiative properties of ice clouds. The single-scattering calculations for solid hexagonal columns were based on a composite scheme based on the Lorenz-Mie theory, the GOM, and the finite-difference time domain technique (FDTD; Yang and Liou 1996b) . Chou et al. (1999, hereafter CH99) also reported an IR parameterization of the bulk optical properties of ice clouds for their radiation transfer model. Yang et al. (2000 Yang et al. ( , 2005 computed the single-scattering properties for ice particles using six habits (hexagonal plates, solid and hollow columns, 2D and 3D bullet rosettes, and aggregates composed of solid hexagonal columns) at both solar and IR wavelengths. The solar wavelength calculations used the IGOM and FDTD, whereas the IR scattering properties were computed using a composite method based on a combination of the FDTD, IGOM, and Lorenz-Mie theory. Singlescattering properties were developed subsequently for droxtal ice crystals, which are employed to represent the small quasi-spherical particles in a size distribution (Yang et al. 2003; Zhang et al. 2004 ).
The single-scattering properties of these ice particles have been used for satellite-and aircraft-based retrievals of optical and microphysical properties of ice clouds (e.g., Platnick et al. 2003; Huang et al. 2004; Gao et al. 2004; Meyer et al. 2004; King et al. 2004 King et al. , 2006 Li et al. 2005; Yang et al. 2005; Baum et al. 2005a,b; Wei et al. 2004; Wendisch et al. 2005 Wendisch et al. , 2007 Hong et al. 2007a) . However, there is relatively little recent research documenting the use of these ice particles to develop a parameterization of the solar and infrared radiative properties for use in GCMs.
Parameterizations of the shortwave (SW) radiative properties for seven ice particle shapes, including solid and hollow hexagonal columns, hexagonal plates, 2D and 3D bullet rosettes, aggregates, and dendrites, were developed individually by Key et al. (2002) using 6, 24, and 56 bands from 0.2 to 5 mm. Chou et al. (2002, hereafter CH02) developed parameterizations for the SW radiative properties of ice clouds based on the single-scattering database from Yang et al. (2000) and the 30 particle size distributions used by Fu (1996) and Mitchell and Arnott (1994) . However, these parameterizations used the same habit mixture used for the early Moderate Resolution Imaging Spectroradiometer (MODIS) cloud products (collections 1-4) and also the habit mixture developed for tropical cirrus clouds by McFarquhar et al. (2002) . For ice clouds, Yang et al. (2005) parameterized IR scattering properties, assuming the same habit mixture that was used for the operational MODIS (collection 4) cloud retrieval, for 49 wavelengths and for the 21 particle size distributions used in Fu (1996) . In the aforementioned broadband parameterizations of ice cloud radiative properties, only 30 ice cloud particle size distributions were used. Baum et al. (2005a) derived particle habit mixtures based on aircraft in situ data obtained from midlatitude and tropical ice clouds, which included more than 1100 ice cloud PSDs. Each of the PSDs included IWC and median mass diameters D mm . These ice cloud microphysical properties were then merged with the single-scattering properties of nonspherical ice particles from Yang et al. (2000 Yang et al. ( , 2005 to develop scattering models for application to use with satellite remote sensing (Baum et al. 2005b (Baum et al. , 2007 .
Besides applying the abundant ice cloud microphysical data and the single-scattering properties of nonspherical ice particles for use with satellite remote sensing applications, it is necessary to involve them in general circulation models and climate models to improve simulations. The parameterizations of ice cloud radiative properties, which have been developed by EB, Fu and Liou (1993) , Fu (1996) , FU, Key et al. (2002) , CH99, and CH02, have been extensively used in GCMs (e.g., Kiehl et al. 1998; Lubin et al. 1998; Morcrette and Jakob 2000; Oreopoulos et al. 2004 Oreopoulos et al. , 2009 ). The main objective of this study is to revisit the parameterizations for both the SW and longwave (LW) radiative properties of ice clouds and to update the parameterizations using the newly available single-scattering properties of ice particles and an expanded set of microphysical measurements. The singlescattering properties of nonspherical ice particles and the particle size distributions of ice clouds measured from several field campaigns are introduced in section 2. The single-scattering properties of ice particles are averaged over the measured particle size distributions to obtain the cloud bulk scattering properties, which are then parameterized as a function of effective particle size in section 3. Section 4 presents the comparison of SW and LW cloud forcing among the redeveloped schemes. The effect of habit mixtures of ice particles on the parameterization is also investigated. In section 5, the redeveloped parameterizations are used to investigate the cloud radiative forcing (CRF) using the ice cloud optical and microphysical retrievals from MODIS and the atmospheric profiles retrieved from the Atmospheric Infrared Sounder (AIRS). Finally, the results are summarized in section 6.
Ice particle single-scattering and microphysical properties
a. Single-scattering properties of nonspherical ice particles
Various techniques have been developed to calculate the single-scattering properties of nonspherical ice particles [see reviews by Mishchenko et al. (2002) , Baran (2004) , and Kokhanovsky (2006) ]. Among these models are the GOM (Takano and Liou 1989; Macke et al. 1996; Yang and Liou 1996a) , the T-matrix method (Mishchenko et al. 1996 (Mishchenko et al. , 2000 , the FDTD (Yee 1966; Yang and Liou 1996b; Sun et al. 1999) , the discrete dipole approximation method (DDA; Draine and Flatau 1994; Yurkin et al. 2007) , and other methods (Mitchell 2002) .
The T-matrix method, which is generally applied to axially symmetric particles, is a computationally efficient approach for computing the optical properties of particles with small and moderate size parameters. The FDTD and DDA are applicable to arbitrarily shaped inhomogeneous particles, but for size parameters smaller than the counterparts of regarding of the applicability of the T-matrix method. The GOM is applicable to arbitrarily shaped inhomogeneous particles, but it is limited to particles with a relatively large size parameter.
Ice clouds are composed of particles with complex shapes that depend on temperature, humidity, and vertical wind speed (e.g., Heymsfield and Miloshevich 2003; Bailey and Hallett 2004) . The scattering properties are highly sensitive to ice particle habits (e.g., Macke et al. 1998; Wyser and Yang 1998; Yang et al. 2000 Yang et al. , 2005 . It is impractical to compute the single-scattering properties of all possible habits. A common approach is to choose some typical habits to represent those in ice clouds. By combining the IGOM and FDTD (Yang and Liou 1996a,b) , comprehensive libraries of the single-scattering properties of ice particles have been developed over a range of wavelengths from 0.2 to 100 mm for six habits, including droxtals, hexagonal solid columns, hollow columns, plates, bullet rosettes, and aggregates (Yang et al. 2000 (Yang et al. , 2005 . Particle sizes, in terms of maximum dimension D max , range from 2 to 9500 mm. Only the aggregate, consisting of hexagonal solid columns, has rough surface in the numerical calculations; the other particles have smooth faces. The libraries include particle volume V and projected area A in addition to the scattering properties, including extinction efficiency Q ext , single-scattering albedo v, asymmetry factor g, scattering phase function P(u) (where u is the scattering angle), and d-function transmission as functions of particle maximum dimension and wavelength. Figure 1 shows the contours of the extinction efficiency, absorption efficiency, and asymmetry factor as functions of wavelength and maximum dimension for hexagonal solid columns and plates. The single-scattering properties are found to be sensitive to the incident wavelength, particle size, and habit. The absorption efficiency, which is strongly related to the imaginary part of the refractive index of ice, is quite large in the IR. The extinction efficiency is relatively small for small ice particles in the IR. In the IR, the asymmetry factor has low values when particle sizes are small.
b. Particle size distributions
A set of 1119 PSDs that were derived from in situ measurements in both tropical and midlatitude regions is used in this study. This is the same set of PSDs described in Baum et al. (2005a) ; further information is provided in Table 1 . The tropical measurements are from two campaigns conducted in Kwajalein, Marshall Islands, in 1999 under the auspices of the Tropical Rainfall Measuring Mission (TRMM; Stith et al. 2002 Stith et al. , 2004 Miloshevich and Heymsfield (1997) , Heymsfield et al. (2002 Heymsfield et al. ( , 2003 Heymsfield et al. ( , 2004 , Heymsfield and Miloshevich (2003) , and Baum et al. (2005a) .
Each PSD is described by a gamma distribution (e.g., Kosarev and Mazin 1991; Mitchell 2002; Heymsfield et al. 2002; Baum et al. 2005a) in the form
where N 0 is the intercept, l is the slope, m is the dispersion, N(D) is the particle concentration per unit volume, and D is the diameter of the ice particle. In addition to the set of 1119 particle size distributions, an additional set of 21 PSDs used in Fu (1996) are included in the present study; these additional PSDs supplement the information for PSDs with very small particles. Thus, there is a total of 1140 PSDs in the set.
Parameterization of optical properties of ice clouds
a. Broadband-averaged bulk scattering properties
Parameterizations of ice cloud scattering properties are generally developed for fairly broad spectral bands to minimize computational costs in a GCM. For example, Fu and Liou (1993) , Fu (1996) , and FU built a parameterization for 6 bands in the SW region (0.2-5.0 mm) and 12 bands in the LW spectral region. CH99 and CH02 chose 11 and 12 bands for SW and LW spectra, respectively. Key et al. (2002) developed SW parameterizations for 6, 24, and 56 bands for individual ice habits.
To obtain the broadband-averaged bulk scattering properties for a given parameter in the shortwave, the single-scattering properties of ice particles are integrated over wavelength across the band as follows:
hvi 5
hgi 5
where hQ ext i, hvi, and hgi are the broadband-averaged extinction efficiency, single-scattering albedo, and asymmetry factor, respectively; l 1 and l 2 are wavelength limits of the band; i is the index of mixture habit in ice clouds (for N habits); S(l) is the solar irradiance; and f is the fraction of the habit in the PSD. Note that å N i51 f i 5 1. At IR wavelengths, S(l) is replaced with the Planck function B(l) at a temperature typical for ice clouds. To represent the thermal IR emission of an ice cloud, an ice cloud temperature of 233 K was used by EB and FU, whereas a temperature of 250 K was used by CH99.
Different ice cloud habit distributions have been used to infer cloud properties from solar and infrared measurements (e.g., Yang et al. 2005; Baum et al. 2005b; King et al. 2004 King et al. , 2006 . For example, the collection 4 MODIS habit mixture was as follows: for D max , 70 mm, 50% bullet rosettes, 25% hollow columns, and 25% plates; for D max $ 70 mm, 30% aggregates, 30% bullet rosettes, 20% hollow columns, and 20% plates. The habit distribution described in Baum et al. (2005a) is used in the present study. The habit distribution consists of 100% droxtals when D max # 60 mm; 15% bullet rosettes, 50% solid columns, and 35% plates when 60 , D max # 1000 mm; 45% hollow columns, 45% solid columns, and 10% aggregates when 1000 , D max # 2500 mm; and 97% bullet rosettes and 3% aggregates when D max . 2500 mm.
b. Parameterization schemes
The spectral bands for the parameterization of SW and LW scattering and absorption properties from EB, FU, and CH99/CH02 are listed in Table 2 . These schemes have been extensively used in GCMs (e.g., Kiehl et al. 1998; Lubin et al. 1998; Morcrette and Jakob 2000; Oreopoulos et al. 2004) and are considered in the present study.
The broadband bulk scattering properties are parameterized as functions of the effective particle size (EB; Fu and Liou 1993; Fu 1996; FU; CH99; CH02; Key et al. 2002) . As shown in Table 2 , the mass extinction coefficient (i.e., k, t/IWP, or b/IWC, where t, IWP, b, and IWC are ice cloud optical thickness, ice water path, extinction coefficient, and ice water content, respectively), mass absorption coefficient, single-scattering albedo v, asymmetry factor g, and truncation factor f d are parameterized as a function of effective particle size. However, the fitting of the parameterizations for each scheme is different for the SW and LW. In this study, a common fitting approach for the scattering and absorption properties is used for each parameterization scheme.
The bulk scattering properties are all parameterized in terms of ice cloud effective particle size, which is defined as (e.g., King et al. 2004; Yang et al. 2005; Baum et al. 2005b )
For the SW, the fitting equations are -8, 8-12.5, 12.5-20, 20-35, 35- 
t is optical thickness, v is single-scattering albedo, IWP is ice water path, g is asymmetry factor, and r e is effective particle radius.
k is mass absorption coefficient. Fu and Liou (1993) , Fu (1996) , FU 0.2-0.7, 0.7-1.3, 1.3-1.9, 1.9-2.5, 2.5-3.5, 3.5-4.0 mm -1900, 1900-1700, 1700-1400, 1400-1250, 1250-1100, 1100-980, 980-800, 800-670, 670-540, 540-400, 400-280 , 280-1 cm 
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for D e , 200 mm
For the LW, the fitting equations (f d 5 0) are given by where b and b a are the broadband extinction and absorption coefficients, respectively; IWC is ice water content; D e is effective particle size; and a, b, c, and d are the fitting coefficients. Appendix, Tables A1-A5 list 
Comparison of SW and LW cloud forcing among the three redeveloped schemes
The parameterizations are used subsequently to investigate the sensitivity of CRF at both the TOA and surface to ice cloud optical thickness and D e . Furthermore, it is important to understand the differences in CRF that result from the use of the different parameterizations. To isolate the differences of each parameterization (i.e., the bands shown in Table 1 ) on CRF, a common test bed is first built for computing radiative fluxes at the TOA and surface. The calculation of radiative fluxes is performed by using a combination of the discrete ordinates radiative transfer model (DISORT; Stamnes et al. 1988 ) and a line-by-line model (LBL; Heidinger 1998) that provides monochromatic molecular absorption in the atmosphere. The standard tropical atmospheric profile in the LBL is used to calculate the transmission for clear sky. CRF here follows the formulas used by, for example, Liou (1992) and :
where F is the net total flux (SW plus LW) at the top of the atmosphere or surface; F cloud and F clear are for cloud sky and clear sky, respectively; [ and Y indicate upward and downward fluxes, respectively; and N is cloud fraction. Figure 4 shows the sensitivity of CRF at the TOA and surface to ice cloud optical thickness t and D e . The SW, LW, and total radiative forcings are shown separately at both the TOA and surface. The upper boundary of the ice cloud is assumed to be at 12 km, and the cloud layer has a geometrical thickness of 1 km. The solar zenith angle is set at 608, and the duration of solar illumination is 12 h. The SW and LW radiative forcings are strongly sensitive to t but weakly sensitive to D e , particularly for LW radiative forcing. The SW radiative forcing is negative at both the TOA and surface, whereas the LW radiative forcing is positive. The total radiative forcing at the TOA is positive when t , 10. With increasing t, the total radiative forcing at the TOA decreases and becomes negative. The total radiative forcing at the surface is negative. Figure 5 shows the differences of cloud radiative forcing between the FU and EB schemes at the TOA and surface as functions of t and D e . The SW radiative forcing at the TOA essentially has no differences. The LW radiative forcing at the TOA has small differences with values in the range of -2 to 2 W m 22 . The differences for the total radiative forcing at the TOA have the same features as those for the LW at the TOA. The most distinct differences are shown when D e , 50 mm and t . 0.3. The SW radiative forcing at the surface has largest differences when t . 3.0. Most distinct differences for the LW radiative forcing at the surface occur when D e , 20 mm and 1 , t , 10. The same features as the SW radiative forcing at the surface are found for total radiative forcing at the surface.
The differences of CRF between the CH99/CH02 and EB schemes are also investigated (Fig. 6) . The differences for radiative forcing at the surface show similar features (Fig. 5 ), but the differences are larger than those between the FU and EB schemes. The differences for CRF between the CH99/CH02 and EB schemes at the TOA are also larger than those between the FU and EB schemes. However, they have different patterns. The SW and total radiative forcing at the TOA show largest differences when t is large, whereas the largest differences of LW radiative forcing at the TOA occur when D e , 20 mm and 1 , t , 10. These features generally agree with those shown in the differences of CRF at the surface.
In addition to sizes of ice particles in clouds, the habit mixtures of ice particles vary with temperature, humidity, and vertical wind speed (e.g., Heymsfield and Miloshevich 2003) . Test habit mixtures for large ice particles (45% hollow columns, 45% bullet rosettes, and 10% aggregates when 1000 , D max # 2500 mm; 3% bullet rosettes and 97% aggregates when D max . 2500 mm) are used for the parameterizations for the EB schemes to investigate the sensitivity of ice cloud forcing to habit mixtures. Figure 7 shows cloud radiative forcing differences between the test habits mixtures and those used in MODIS collection 5 (see details of the habit mixture at the end of section 3a). Cloud radiative forcings at both the TOA and the surface have similar features. Small differences are shown for D e smaller than 20 mm or larger than 150 mm in the cases of SW and total radiative forcings. For LW radiative forcing, differences are only found when D e , 20 mm. Moreover, the radiative forcing differences at the surface are weakly sensitive to habit mixtures with respect to those at the TOA.
Differences in LW and SW cloud forcing between the redeveloped and existing schemes
The FU, CH99/CH02, and EB parameterization schemes presented in section 3 are applied to the radiation models developed by Fu and Liou (1993) , Chou et al. (1998) , and Kiehl et al. (1998) , respectively. In this section, ice cloud optical and microphysical properties from the MODIS operational products (collection 5) and atmospheric profiles from AIRS are input into the parameterization of radiative properties of ice particles and atmospheric absorption, respectively, for the radiation models to compute the CRF. Because AIRS and MODIS are both on the National Aeronautics and Space Administration (NASA) Earth Observing System Aqua satellite, the products from the two sensors can be collocated in a straightforward manner. Subsequently, the CRF obtained from the MODIS/AIRS products are compared to the CRF differences between the redeveloped and existing parameterization schemes. Figure 8 shows a MODIS granule over the Indian Ocean at 0820 UTC 21 August 2005. In the false color phase image, the MODIS band 1 reflectance (0.65 mm) is mapped to red, band 7 reflectance (2.1 mm) is mapped to green, and band 31 brightness temperature (11 mm) is mapped to blue, with the scale reversed so that cold clouds have a higher contrast. In this image, water is dark, low-level water clouds are white/yellow, optically thin cirrus is blue, and optically thick ice clouds are blue/ magenta. Low-level clouds that have color ranging from yellow to magenta may suggest possible glaciation, because ice particle absorption will act to lower the contribution of the 2.11-mm reflectance in the green channel. Ice clouds are clearly shown by the blue and purple colors. Ice cloud optical thickness and effective radius from the operational MODIS cloud product MYD06 collection 5 are also shown in Fig. 8 .
AIRS provides measurements of atmospheric profiles for cloud-free fields of view (FOVs). In the subsequent FIG. 5 . Differences of CRF (solar, IR, and total) between FU broadband schemes and EB broadband schemes at the (left) TOA and (right) surface as functions of effective particle size and cloud optical thickness. Fig. 5 , but for differences of CRF between CH99/CH02 broadband schemes and EB broadband schemes. (King et al. 2006) . The retrieved ice cloud properties in the granule are assumed to be from a single layer. For the flux calculations, an ice cloud is placed in the layer with pressure level closest to the inferred cloud-top pressure. The ice cloud optical thickness, effective radius, cloud-top height, and the atmospheric profiles are then input into the radiation models to compute the radiative forcing at the TOA and surface.
FIG. 6. As in
Figures 9a-d show the SW CRF at the TOA and surface for the CH99/CH02 band model using redeveloped parameterization schemes and the SW CRF differences between the redeveloped and existing parameterization schemes. Although not shown, the SW CRF at the TOA and surface has the same features for both existing and redeveloped parameterization schemes. Their geographical distributions are essentially the same, and the TOA CRF values are similar. The pronounced negative forcing is associated with high values of optical thickness. With the redeveloped parameterization scheme, the SW CRF at the TOA shows weaker negative forcing (Fig. 9c) . However, at the surface, the SW CRF calculated from the redeveloped parameterization scheme shows slightly stronger negative forcing relative to the existing scheme (Fig. 9d) . The histograms of SW CRF differences at the TOA and surface for the MODIS granule are shown in Figs. 9e,f. The differences at the TOA have a broader distribution than those at the surface. The means of the differences at the TOA and the surface are 15.2 and 25.1 W m 22 , with the standard deviation (STDDEV) values of 6.4 and 3.7 W m 22 , respectively. The weaker negative TOA forcing and stronger negative surface forcing for the redeveloped CH99/CH02 scheme imply that there is substantially more cloud absorption in the redeveloped scheme. We note that the mean difference in total column absorption is 20 W m 22 averaged over the MODIS granule.
The LW CRF obtained from the CH99/CH02 model for the redeveloped parameterization schemes and the differences between the existing and redeveloped parameterization schemes at the TOA and the surface are shown in Figs those at the TOA. Similar to the SW CRF, the LW CRF for both the existing (figures not shown here) and redeveloped parameterization schemes have essentially the same distributions at both the TOA and surface.
Figures 10e,f show the histogram distributions of LW CRF differences at both the TOA and surface between the existing and redeveloped parameterization schemes. The differences at both the TOA and surface have Similar to the analysis in Figs. 9 and 10, the SW and LW CRF at the TOA and surface are computed using the existing and redeveloped parameterization schemes for the FU model. The geographical distributions over FIG. 10 . As in Fig. 9 , but for IR radiative forcing differences. the granule have similar features as those of the CH99/ CH02 model (figures are not shown here). The histograms of SW and LW CRF differences between the existing and redeveloped parameterization schemes at the TOA and the surface obtained with the FU radiative model are shown in Fig. 11 . For the redeveloped parameterization schemes, the SW CRF generally results in a weaker negative forcing at the TOA and surface (Figs. 11a,b) . The SW CRF differences at the surface are more pronounced than those at the TOA. The means of the differences at the TOA and surface are 12. ), respectively. The LW CRF differences at the TOA (Fig. 11c) are much higher than those at the surface (Fig. 11d) ), respectively. Although the mean value of the LW CRF differences at the TOA is small, the pronounced differences are up to 65 W m 22 over broad areas (granule not shown here).
The Column Radiation Model (CRM) that is the radiation model used in the National Center for Atmospheric Research (NCAR) Community Climate Model (Kiehl et al. 1998 ) has been implemented with the EB parameterization schemes. The SW and LW CRF differences using the CRM with both the existing and redeveloped EB parameterization schemes at the TOA and surface are shown in Fig. 12 The parameterization scheme used for the LW in the CRM only takes into account the mass absorption coefficient. The CRM uses a diffusivity factor of 1.66 (e.g., Liou 1992; EB) to calculate diffuse transmission for LW radiation. A similar approach is adopted for the LW CRF for our redeveloped parameterization scheme in this study. There is little difference between the LW CRF of the existing and redeveloped parameterization schemes (Figs. 12c,d) . The mean values of the LW CRF differences can be neglected.
Conclusions
The ice cloud microphysical and single-scattering properties (developed by, e.g., Yang et al. 2000 Yang et al. , 2005 Baum et al. 2005a ) have been used to improve retrievals of ice cloud optical and microphysical properties (e.g., Platnick et al. 2003; Baum et al. 2005b Baum et al. , 2007 King et al. 2006) . These data can be used for the parameterization of ice cloud radiative properties implemented in climate models to improve climate predictions. In this study, these data are used to redevelop the parameterizations for shortwave (SW) and longwave (LW) radiative properties of ice clouds. The particle size distributions (PSDs) are derived from in situ measurements obtained from five field campaigns in both tropical and midlatitude regions. These PSDs are used to derive the broadband-averaged bulk scattering properties. The ice cloud habit mixtures derived by Baum et al. (2005a) , which are for current ice cloud retrievals from the MODIS data (King et al. 2006) , are used for the averaging.
The single-scattering properties of ice particles from 0.2 to 100 mm have been computed by Yang et al. (2000 Yang et al. ( , 2005 from a composite method that is based on a combination of the finite-difference time domain technique and an improved geometrical-optics method. Six nonspherical ice crystal habits are considered, including hexagonal solid and hollow columns, hexagonal plates, bullet rosettes, aggregates, and droxtals.
Three parameterization schemes for both SW and LW radiation are considered here: EB, FU, and CH99/CH02; they are listed in Table 2 . For these parameterization FIG. 12 . As in Fig. 11 , but for EB radiative parameterization schemes. Note that a logarithm scale is used for the y axis for solar radiative forcing. Solar radiation (Fu and Liou 1993; Fu 1996) Solar radiation (Fu and Liou 1993; Fu 1996) schemes, the broadband-averaged scattering properties, including mass extinction coefficient, mass absorption coefficient, single-scattering albedo, and truncation factor, are parameterized as a function of the effective particle size. There are some other radiation schemes available in the GCM weather forecast and climate community that do not use any of these spectral intervals (e.g., Hansen 1974, Edwards and Slingo 1996; Mlawer et al. 1997; Iacono et al. 2000) . The parameterizations of their radiation schemes can be done in the similar way as those for the EB, FU, and CH99/CH02 schemes. It would be interesting to test the redeveloped parameterization schemes within the framework of Intercomparison of Radiation Codes for Climate Models (Ellingson and Fouquart 1991) or the more recent Continuous Intercomparison of Radiation Codes (Oreopoulos and Mlawer 2009 ). Our parameterizations incorporate both the abundant ice cloud microphysical data now available and recent advances in deriving single-scattering properties of nonspherical ice particles for the redeveloped parameterizations. In future work, we hope to determine the impact of the redeveloped parameterizations on GCM simulations. Cloud radiative forcing (CRF) is first derived using a combination of the discrete ordinates radiative transfer model and a line-by-line model that is used to simulate cloud radiative forcing at both the surface and top of the atmosphere (TOA) for different parameterization schemes. The differences in CRF between the FU, CH99/CH02, and EB versions of the redeveloped schemes are generally small, with maximum instantaneous differences of about 5 W m 22 . The redeveloped parameterization schemes are then applied to the radiative transfer models used for climate models. The ice cloud optical and microphysical properties from the Moderate-Resolution Imaging Spectroradiometer (MODIS) cloud product over a granule and the collocated atmospheric profiles from the Atmospheric Infrared Sounder (AIRS) product are input to the radiation models implemented with the three parameterization schemes to compare the differences in CRF between the redeveloped and existing parameterization schemes.
Although differences are small in the LW CRF between the redeveloped and existing parameterization schemes, the differences in the SW CRF are much larger.
d The redeveloped and existing EB parameterization schemes for LW CRF at both the TOA and the surface have negligible differences. Note that, to be consistent with EB LW parameterization schemes used in the CRM, a simplified treatment is used with a diffusivity factor of 1.66 that only takes into account the mass absorption coefficient.
d Distinct differences are found between the redeveloped and existing CH99/CH02 parameterization schemes for LW CRF at the TOA, although the mean values of their differences are around 0 W m
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. The differences at the surface are negligible.
d The LW CRF using FU parameterization schemes has similar features to those of CH99/CH02 parameterization schemes.
d The redeveloped FU parameterization scheme has stronger negative SW CRF at both the TOA and surface.
d The redeveloped CH99/CH02 parameterization scheme leads to a weaker negative SW CRF at the TOA but a stronger positive CRF at the surface. Larger SW absorption in ice clouds has been found.
d With respect to the redeveloped FU and CH99/CH02 parameterization schemes for SW CRF, the redeveloped EB parameterization scheme used in the Column Radiation Model (CRM) has a much weaker influence on SW CRF.
